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Summary
Objective: To evaluate high frequency (40 MHz) B-mode ultrasound for the detection of osteoarthritis (OA) lesions of varying severity in an
animal model of OA.
Design: Ultrasound biomicroscopy (UBM) was performed on the femoral articular surface of adult rabbits with unilateral transection of the
anterior cruciate ligament at 4, 8 and 12 weeks post-surgery and on control rabbits. The articular cartilage was examined and graded
macroscopically and histologically for OA lesions. Histological examination was used as a reference to determine sensitivity and speciﬁcity of
ultrasonographic and macroscopic examination regarding ﬁbrillation and ulceration of articular cartilage.
Results: Identiﬁcation of slight surface irregularities was made possible with UBM. The sensitivity and speciﬁcity of UBM were 92.3% and
96.4%, respectively, to detect histological ﬁbrillation and 90.9% and 97.6%, respectively, to identify histological ulceration. Macroscopic
examination using India Ink had a sensitivity and speciﬁcity of 80% and 96.4%, respectively, for ﬁbrillation and 90.9% and 90.5%, respectively,
for ulceration when compared to histology. A high correlation (rspZ 0.90) was found between ultrasonographic and histological scores.
Conclusions: UBM of articular cartilage reﬂects histological structure and can accurately detect early changes such as ﬁbrillation. UBM has the
potential to be a valuable tool for the in vivo identiﬁcation of early lesions of OA and for monitoring the disease or efﬁcacy of novel therapy if it
can be packaged in a minimally invasive format suitable for intra-articular imaging.
ª 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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SocietyIntroduction
Osteoarthritis (OA) is a heavy burden to society both
because of the disability endured by patients and the cost of
treatment and work loss. With the current ageing popula-
tion, the extent of these problems will increase in the
coming years1. An improved understanding of OA patho-
physiology2-5 has opened a landscape for new therapeutic
targets and drug discovery6. Most current treatments for OA
aim at decreasing pain but do not affect the evolution of the
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Received 7 May 2004; revision accepted 31 October 2004.17disease process7,8. Currently, increasing research is aimed
at validating drugs which may modify disease in OA9.
Consequently, there is a pressing unmet need for tools to
diagnose OA early and monitor its evolution and response
to therapy, in both humans and animals, in a cost effective
way10. Histological examination is an accurate means for
assessing the severity of osteoarthritic lesions in humans
and animals5,11. Unfortunately, its use in vivo requires
a biopsy on patients, which is an invasive procedure.
Furthermore, it provides information about a focal area of
the joint alone, which might not be representative of the
whole joint, as the severity of OA lesions vary throughout
the joint, depending on site and stage of the disease. In
experimental animal models of OA, histological examination
necessitates sacriﬁce of the animal and destruction of the
joint, which prevents further follow-up on the evolution of the
disease process and adds to cost. Ideally, a method to
assess the histological structure of cartilage in vivo, without
creating damage to the joint, would enhance understanding1
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discovery for OA.
By increasing the resolution of diagnostic imaging tools,
such as ultrasound, the microscopic structure of articular
cartilage could be assessed. High frequency (100 MHz)
ultrasound systems have been developed to obtain
resolution as high as 17.5 mm12,13. Initially, these systems
found application in imaging of internal structures of living
tumour spheroids12,13. Other systems with 40e60 MHz
transducers have since been developed and have been
successfully used for medical imaging in ophthalmology,
dermatology and intravascular ﬁelds14. High frequency
ultrasound systems have been used ex vivo to study intact
and maturing cartilage15, osteoarthritic cartilage16-18 and
repair cartilage19. Ultrasound quantitative measurements
have also been developed to assess cartilage proper-
ties17,20-29. These studies have shown the ability of such
systems to image changes in the surface and the internal
structure of articular cartilage. However, the ultrasono-
graphic assessment of the different stages of OA in a classic
articular trauma induced OA model, commonly used for
drug development, has never been performed.
We hypothesised that ultrasound biomicroscopy (UBM)
should accurately detect histological lesions of OA. The aim
of this study was to evaluate the capacity of 40 MHz UBM to
detect the spectrum of histological lesions encountered in
OA using a standard surgical model of OA in rabbits with
anterior cruciate ligament transection (ACLT).
Materials and methods
EXPERIMENTAL ANIMAL MODEL
Thirty-ﬁve adult New Zealand White male rabbits
(approximately 2.5 years old) weighing 4.6C 0.4 kg were
used in the study. Surgical transection of the anterior
cruciate ligament (ACL) in the left femorotibial joint (24
rabbits) was performed to induce OA. The remaining eleven
rabbits were used as controls. ACLT rabbits were sched-
uled for euthanasia at 4 weeks (eight rabbits), 8 weeks
(eight rabbits) or 12 weeks (eight rabbits) post-surgery and
control animals at 4 (ﬁve rabbits) or 12 weeks (six rabbits).
Euthanasia was performed by injection of T-61 (Bimeda-
MTC Sante´ Animale Inc., Cambridge, Ontario) (1.5 mL
intravenously) in the lateral auricular vein, following
sedation with acepromazine (Ayerst Veterinary Laborato-
ries, Guelph, Ontario) (0.4 mg/kg intramuscularly (IM)).
All procedures were approved by the Institutional Animal
Care Committee of the Faculte´ de Me´decine Ve´te´rinaire,
Universite´ de Montre´al. This study was part of a larger
project investigating many novel imaging modalities for
detection of OA in a rabbit ACLT model30.
SURGICAL PROCEDURE
The surgery was performed under aseptic conditions. An
antibiotic, Enroﬂoxacin (Bayer Inc., Animal Health, Toronto,
Ontario), was administered (15 mg/kg, subcutaneously
(SC)) pre-operatively and for 2 days post-operatively.
Rabbits were pre-medicated with glycopyrrolate (Sabex
Inc., Boucherville, Quebec) (0.01 mg/kg, IM) and anaesthe-
sia was induced with ketamine (Bionicahe, Animal Health
Canada Inc., Belleville, Ontario) (25-35 mg/kg, IM) and
xylazine (Bayer Inc., Animal Health, Toronto, Ontario)
(5 mg/kg, IM) and maintained with isoﬂurane (Baxter
Corporation, Toronto, Ontario) (1-2%) via an oro-trachealtube. A medial parapatellar incision was made and the
patella was reﬂected laterally in order to expose the ACL
which was subsequently transected. The incision was
sutured in a routine fashion. An analgesic, Buprenorphine
(Schering-Plough Ltd, Welwyn Garden City, Hertfordshire,
UK) (0.05 mg/kg, SC, BID), was administered for 2 days
post-operatively. Following surgery, free movement was
allowed in separate cages for the duration of the experi-
mental period.
ULTRASOUND BIOMICROSCOPY
The basic concept and design of UBM have been
previously reported12,13. A VisualSonics (Toronto, Canada)
VS40 UBM system was used to perform all imaging. This
system was equipped with a 40 MHz transducer operating
with a 93% bandwidth, a 2.0 f-number and a 6.0 mm focal
distance. The receive parameters were kept constant
during the entire study with a receive gain of 22.0 dB,
a RF Highpass ﬁlter of 5 MHz and a RF Lowpass ﬁlter of
70 MHz. These settings had been previously chosen to
enable rapid, high quality reproducible imaging of rabbit
femoral articular cartilage. This system provided axial and
lateral resolutions of 40 and 70 mm, respectively. The scan
rate was four frames per second and the ﬁeld of view
8! 8 mm. During the scanning procedure, the femoral
condyles, following dissection of the joints, were immersed
in a physiologic saline solution. The entire surface of both
femoral condyles was scanned. Several transverse scans
were recorded for each condyle (medial femoral condyle
(MFC) and lateral femoral condyle (LFC)). A grading system
was developed (Table I) to permit semi-quantitative
evaluation of the scans. The ultrasound grade for each
femoral condyle was scored twice blindly and independent-
ly at a 2-week interval by the same author (MPS). For each
condyle all the available scans were reviewed, the highest
grade observed (most severe lesion) was attributed to the
condyle.
MACROSCOPIC EXAMINATION
The articular surfaces of the femoral condyles were then
stained with India Ink, diluted in physiologic saline solution,
to enhance detection of ﬁbrillation as described previously31.
Medial and lateral condyles were examined indepen-
dently for gross morphologic changes of the articular
cartilage and graded (SL) as described previously in the
rabbit ACLT model (Table II)32. The lesions were also
documented using a digital D1 Nikon camera (Tokyo,
Japan).
HISTOLOGIC EVALUATION
The distal part of the femur was ﬁxed in 10% neutral
buffered formalin. The specimens were then cut with an
ISOMET saw (Buehler, Illinois, USA) with a 15 HC diamond
blade (10.2 mm! 0.3 mm). Two transverse sections were
Table I
Ultrasonographic grade
Sharp and bright superﬁcial interface 1
Bright but less sharp superﬁcial interface 2
Irregular superﬁcial interface with loss of brightness 3
Partial cartilage thickness defect 4
Full cartilage thickness defect 5
Deep interface irregularity 6
173Osteoarthritis and Cartilage Vol. 13, No. 2obtained in each femoral condyle through the weight
bearing regions of the femoral condyles. The tissue blocks
were decalciﬁed for 2 weeks with 14% ethylenediaminete-
traacetic acid solution (Fisher Scientiﬁc, Nepean, Ontario),
dehydrated through graded alcohols and cleared with toluol
prior to being embedded in parafﬁn. Four micrometre
sections were cut and stained with safranin O fast green.
Two histological sections from each femoral condyle
were evaluated using a histological grade designed for this
study (Table III). The highest grade (most severe lesion)
from the two evaluated sections was attributed to the
condyle. The histological grades were determined indepen-
dently by two authors (MPS and CAG), one of the two being
a specialist in veterinary pathology (CAG).
Ultrasonographic, macroscopic and histological grades
were determined independently from each other and blind
as to the surgical intervention.
STATISTICAL ANALYSIS
Weighted kappa coefﬁcients were calculated to assess
the intra-observer agreement for ultrasonographic grades
and the inter-observer agreement for histological grades.
For further analyses, the ultrasonographic grades of the
second reading and the histological grades of the veterinary
pathologist were used. Sensitivity and speciﬁcity of high
frequency ultrasonography and macroscopic evaluation for
detection of ﬁbrillation and ulceration, based on the results
of the 64 examined condyles, were calculated using
histological examination results as a reference. A Spear-
man’s rank correlation was used to evaluate the association
between the ultrasonographic grades and the correspond-
ing histological section grades.
Results
Two rabbits in the 4-week ACLT group and one in the 8-
week ACLT group died during the study period due to
gastrointestinal illness unrelated to surgery leaving 21
ACLT rabbits and 11 control rabbits inclusion in the study.
UBM EVALUATION
Six different grades could be distinguished upon UBM
scan examination. Grade 1 ultrasonographic scans were
Table II
Macroscopic grade
Intact surface (no ink staining) 1
Small focal areas of light ink uptake 2
Large intense black patches of ink uptake 3
Exposure of subchondral bone 4
Table III
Histological grade
Normal 0
Slight superﬁcial reduction of safranin O staining 1
Reduction of safranin O staining and slight
surface irregularity
2
Severe surface irregularity and/or clefts 3
Partial non-calciﬁed cartilage thickness loss 4
Full non-calciﬁed cartilage thickness loss 5
Calciﬁed cartilage loss 6characterised by two sharp parallel hyperechoic lines,
delimiting a hypoechoic area [Fig. 1(a)]. The superﬁcial
sharp hyperechoic line was the interface between the saline
solution and articular cartilage surface. The hypoechoic
area between the two bright interfaces represented the
hyaline cartilage. Two different echogenicities could how-
ever be distinguished inside this area: a superﬁcial more
echogenic layer and a deep less echogenic layer. The deep
interface appearance was similar to the superﬁcial one.
Maximal brightness and sharpness of both interfaces were
obtained in the central area where the ultrasound beam was
perpendicular to the interfaces due to the curvature of the
condyle.
With grade 2, the superﬁcial interface remained bright but
lost its sharp delimiting appearance. The cartilage layer in
grade 2 was similar to grade 1, presenting two layers of
different echogenicity [Fig. 1(b)].
Grade 3 was attributed when the superﬁcial interface lost
its brightness and became irregular but no cartilage
thickness loss was encountered [Fig. 1(c)]. Grade 4 had
surface characteristics similar to grade 3 but, in addition,
presented focal partial cartilage thickness loss [Figs. 1(d),
4(a)]. Grade 5 described a complete loss of the cartilage
layer, but the deep interface remained regular and bright
[Figs. 1(e), 5(a)]. When the deep interface lost its sharpness
or expected shape (ﬂattening occurred), this was consid-
ered as a grade 6 [Fig. 1(f)].
All condyles from control rabbits had an ultrasonographic
grade of either 1 or 2 except for one animal with cartilage
erosion which was graded 5 on the MFC. The majority of
ACLT joint condyles had higher ultrasonographic grades
(grade 3 and over) when compared to the control rabbits.
The grades observed are indicated in Table IV. Considering
that several control rabbits had an ultrasonographic grade
2, this grade was interpreted as a slight variation from
normal and, after cross-checking with histological data at
the completion of the grading procedure, ultrasonographic
grade 3 was considered as the ﬁrst evident pathological
grade.
MACROSCOPIC EVALUATION
Representative macroscopic grades following India Ink
application are illustrated in Fig. 2. An intact articular
surface with no ink staining was characteristic of grade 1
[Fig. 2(a)]. Small focal areas of light ink uptake were evident
with grade 2 [Fig. 2(b)]. Grade 3 had larger intense black
patches of ink uptake [Figs. 2(c), 4(b)], whereas the
underlying subchondral bone was exposed with grade 4
[Figs. 2(d), 5(b)]. Results of macroscopic evaluation are
presented in Table V. All but one control rabbit were graded
as 2 or lower on the macroscopic examination. One rabbit
had a complete cartilage erosion on the MFC (grade 4). All
ACLT rabbits had their ACL completely transected upon
post-mortem examination and had macroscopic scores
ranging from 1 to 4, which provided a complete spectrum of
characteristic OA lesions, from early to advanced, for
validation purposes.
The lesions which were scored as 3 and over were
considered relevant OA lesions, as they were never found
in control rabbits.
HISTOLOGICAL EXAMINATION
All histological stages of OA previously described in the
ACLT rabbit model32,33 were detected in our study. Grade
174 M. P. Spriet et al.: Ultrasound biomicroscopy and osteoarthritisFig. 1. Ultrasound transverse scans of rabbit femoral condylar cartilage illustrating the grading system designed for the study. (a) Grade 1: two
bright and sharp interfaces (arrows) are clearly visible. Two layers of different echogenicity can be seen between these interfaces. (b) Grade 2:
the superﬁcial interface remains bright but loses its sharpness (arrow). (c) Grade 3: the superﬁcial interface becomes irregular and loses its
brightness (arrow). (d) Grade 4: a partial focal loss of cartilage thickness (between arrows) is observed. (e) Grade 5: full thickness focal loss of
articular cartilage is evident (between arrows) but the deep interface stays regular. (f) Grade 6: full thickness loss of articular cartilage is
accompanied with modiﬁcation of the deep interface. Flattening of the deep interface is illustrated on this scan (between arrows).0 was judged to be normal cartilage, with homogeneous
safranin O colouration and a perfectly regular surface
[Fig. 3(a)]. Grades 1 and 2 were interpreted as slight
variations in normal cartilage. Grade 1 histological slides
had a very slight loss of safranin O staining in the most
superﬁcial layer [Fig. 3(b)] and grade 2 had, in addition,
a very mild surface irregularity [Fig. 3(c)]. Evident surface
irregularities associated with clefts in the superﬁcial half of
the cartilage thickness were characteristic of grade 3
[Fig. 3(d)]. With grade 4, clefts extending deep into the
cartilage or severe surface irregularities, associated with
a loss of safranin O staining, were present [Figs. 3(e), 4(c)].
A complete non-calciﬁed cartilage thickness loss was
observed with grade 5, but the calciﬁed cartilage remained
intact [Figs. 3(f), 5(c)] whereas with grade 6, calciﬁed
cartilage was eroded and the subchondral bone exposed
[Fig. 3(g)].
Histological examination results are presented in Table VI.
All control rabbits were graded as having a histological
score of 2 and lower except the one previously mentioned
as having macroscopic lesion which was graded 4 on the
Table IV
Ultrasonographic evaluation results
Category Ultrasonographic grade
1 2 3 4 5 6
Control (nZ 22) 9 12 0 0 1 0
ACLT 4 weeks (nZ 12) 0 2 3 5 0 2
ACLT 8 weeks (nZ 14) 0 0 3 2 2 7
ACLT 12 weeks (nZ 16) 1 4 0 2 1 8
Total 10 18 6 9 4 17medial condyle. ACLT rabbits grades ranged from 0 to 6.
Grouping both samples (control and ACLT), histological
examination identiﬁed 28 condyles with normal cartilage
(scores 0, 1 and 2), 14 condyles with ﬁbrillation (scores 3
and 4) and 22 condyles with full cartilage thickness loss
(scores 5 and 6).
Cartilage was judged to have hallmark OA lesions when
graded as 3 and over. Grades 3 and 4 were considered
ﬁbrillation lesions and grades 5 and 6 ulceration lesions.
STATISTICAL ANALYSIS
Intra- and inter-observer repeatability
The intra-observer repeatability for UBM grading of the
cartilage was high (weighted kappaZ 0.88). A strong
agreement was also found between the two observers
regarding histological examination of the sections (weighted
kappaZ 0.90).
UBM sensitivity and specificity
Both for ultrasonographic and macroscopic sensitivity
and speciﬁcity calculations, references for ﬁbrillation were
histological grades 3 and 4 and, for ulceration, histological
grades 5 and 6. The ultrasonographic diagnosis was
considered positive for ﬁbrillation with grades of 3 and 4
and positive for ulceration with grades of 5 and 6. UBM
sensitivity was 92.3% for identifying ﬁbrillation and 90.9%
for ulceration diagnosis using histological examination as
a reference. Its speciﬁcity was 96.4% for ﬁbrillation and
97.6% for ulceration of the articular cartilage.
175Osteoarthritis and Cartilage Vol. 13, No. 2Fig. 2. Macroscopic specimens, stained with India Ink, representative of different macroscopic grades. (a) Grade 1: intact surface with no focal
increased uptake of India Ink (b) Grade 2: intact surface with small focal areas of light ink uptake (arrow). (c) Grade 3: irregular surface with
large intense black patches of ink uptake (between arrows). (d) Grade 4: subchondral bone exposure (between arrows).Macroscopic examination sensitivity and specificity
Macroscopic grade 3 was considered a positive di-
agnosis for ﬁbrillation and grade 4 a positive diagnosis for
ulceration. Macroscopic examination enhanced by India Ink
staining of cartilage had a sensitivity of 80% for detection of
histological ﬁbrillation and 90.9% for detection of ulceration
of articular cartilage. Its speciﬁcity was 96.4% for ﬁbrillation
and 90.5% for ulceration.
Histological and ultrasonographic correlation
A highly signiﬁcant positive correlation was found
between the UBM and histological grades (rspZ 0.90,
P! 0.001) (Table VII).
Discussion
The ACLT model of OA in the rabbit provided a spectrum
of focal histological lesions of the femoral condyles, similar
to those occurring in human OA, and permitted validation of
UBM sensitivity and speciﬁcity in the diagnosis of OA
Table V
Macroscopic evaluation results
Category Macroscopic grade
1 2 3 4
Control (nZ 22) 16 5 0 1
ACLT 4 weeks (nZ 12) 2 1 5 4
ACLT 8 weeks (nZ 14) 0 2 2 10
ACLT 12 weeks (nZ 16) 0 3 4 9
Total 18 11 11 24lesions ex vivo. The histological abnormalities included
decreased safranin O staining, presence of clefts, chon-
drocyte cluster formation, erosion of cartilage and eburna-
tion of bone, all hallmark histological lesions of human OA5.
However, undulation or duplication of the tidemark which
also occurs in human OA5,34 was not observed in this study.
Only one ACLT rabbit had blood vessels crossing the
tidemark, a feature encountered in human OA.
Healthy cartilage had a characteristic ultrasonographic
appearance which was well deﬁned between two bright
interfaces, which is in agreement with other stud-
ies15,16,18,19. Although the superﬁcial interface represents
the surface of the cartilage, controversy surrounds the
source of the deep interface in the literature. In a study
comparing articular cartilage thickness measured with both
an optical microscope and an ultrasound system, it was
concluded that this interface was located between the non-
calciﬁed and calciﬁed cartilage35. However, subsequent
reports attributed this interface to the cartilage/subchondral
bone boundary36, or used the encompassing term ‘‘articular
cartilageecalciﬁed cartilage/bone interface’’16,18,26 or sug-
gested both possibilities15. Our impression is that the
brightness and sharpness of the deep interface we
observed in the rabbits mirrors the regular boundary (or
tidemark) between the non-calciﬁed and calciﬁed cartilage.
The histological appearance of the calciﬁed cartilage/bone
interface is more irregular and undulating and therefore less
specular or mirror like. We would therefore anticipate that
a boundary contoured like this would not create a bright and
sharp interface. Furthermore, calciﬁed cartilage is even
more mineralised and denser than subchondral bone37 and
so a greater impedance difference, responsible for the
reﬂection, may exist between non-calciﬁed and calciﬁed
cartilage rather than between calciﬁed cartilage and
subchondral bone. Further support for this hypothesis is
provided by the scans where the deep interface is exposed
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persistence of calciﬁed cartilage (Fig. 5). A previous study
however has reported that the deep interface was irregular,
less smooth and less echoic than the superﬁcial interface18,
which conﬂicts with our ﬁndings and those of others16,19.
This discrepancy in results could be explained by species
and/or age differences. The authors used young rats whose
calciﬁed cartilage may not yet have been mineralised and
the deep interface could therefore represent the undulating
cartilage/subchondral bone boundary described earlier. In
the present study, adult rabbits were used and the deep
cartilage was calciﬁed.
We also observed, in addition to the two clear interfaces,
two distinct echogenic layers in healthy cartilage: a super-
ﬁcial layer which was more echogenic than a deep layer.
Previous observations using high frequency ultrasonogra-
phy of normal rat patellar articular cartilage18 yielded similar
Fig. 3. Representative histological sections of femoral condyles
stained with safranin O fast green (original magniﬁcation 100!). (a)
Grade 0: the articular cartilage is homogeneously coloured by
safranin O. (b) Grade 1: loss of safranin O staining in the most
superﬁcial part of articular cartilage but the surface remains intact.
(c) Grade 2: very slight irregularities of the articular surface are
present. (d) Grade 3: severe surface irregularities associated with
clefts in the superﬁcial half of the cartilage thickness are present.
(e) Grade 4: clefts extending deep into the cartilage and associated
with a loss of safranin O staining are characteristic ﬁndings. (f)
Grade 5: a full cartilage thickness loss is seen but the calciﬁed
cartilage remains intact. (g) Grade 6: the calciﬁed cartilage is
eroded and the subchondral bone exposed.images with higher echogenicity described in the upper two
thirds of cartilage. Articular cartilage has a heterogenic
histological structure where several layers can be distin-
guished38,39. Ultrasound propagation in cartilage has been
shown to be highly dependent on collagen ﬁbril orienta-
tion20. Thus, the higher echogenicity in the superﬁcial zone
of cartilage, composed of both the tangential and transi-
tional layers, where collagen ﬁbrils are parallel or oblique to
the surface, respectively, may be explained as many of the
ﬁbrils are perpendicular to the ultrasound beam and reﬂect
the ultrasound beam towards the transducer. In contrast, in
the deeper part of articular cartilage, the radial layer,
Fig. 4. Concurrent ultrasonographic, macroscopic and histologic
examination of a femoral condyle from an ACLT joint, illustrating
ﬁbrillation. UBM of the MFC (a) revealed an irregular superﬁcial
interface and partial thickness loss of cartilage (between arrows)
characteristic of a grade 4 scan. The MFC was graded 3 on
macroscopic examination (b) (area of ﬁbrillation shown between
arrows). Histological examination (c) (original magniﬁcation 40!)
of a corresponding section showed a decrease in safranin O
staining, surface irregularity with superﬁcial clefts and partial
thickness loss of cartilage (between arrows) (grade 4). A very
good correlation is noted between the three examination modali-
ties, which all diagnosed ﬁbrillation.
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surface and therefore parallel to the ultrasound beam,
which explains its hypoechogenicity as ultrasound is
reﬂected less by these ﬁbrils. A trilaminar echogenic pattern
in immature porcine articular cartilage with hypoechoic,
hyperechoic and anechoic layers from superﬁcial to deep
has been reported in the non-weight bearing area in 20-
week-old pigs15. The apparent differences in observations
are most likely due to age related changes as our animals
were skeletally mature adults.
Fig. 5. Concurrent ultrasonographic, macroscopic and histologic
examination of a femoral condyle from an ACLT joint, illustrating
ulceration. UBM of the LFC (a) reveals a full thickness loss of non-
calciﬁed cartilage (between arrows) but the deep interface remains
sharp, bright and continuous (grade 5). Both femoral condyles are
graded 4 (exposure of subchondral bone) (between arrows) on
macroscopic examination (b). On histological examination of the
LFC (c) (original magniﬁcation 40!), a loss of safranin O staining,
a full thickness loss of non-calciﬁed cartilage (between arrows) and
intact calciﬁed cartilage can be seen (histological grade 5). In this
case, histological examination demonstrates that the deep interface
seen on ultrasonographic examination arises from the non-calciﬁed
cartilage/calciﬁed cartilage interface. The three examination mo-
dalities identify ulceration.The earliest abnormality of ACLT rabbit femoral condylar
cartilage identiﬁed was a loss of brightness and sharpness
of the superﬁcial interface (ultrasonographic grade 3).
These ﬁndings concur with results of a recent report where
bovine patellar cartilage with naturally occurring OA was
scanned with a high-resolution B-mode imaging system19.
This change is caused by the roughening of the cartilage
surface due to early ﬁbrillation and it consequently reﬂects
and scatters the ultrasound in a random direction, as
opposed to a perfect (specular) reﬂection from the smooth
surface of healthy cartilage27,40,41.
An increase in echogenicity which tended to give
a homogenous pattern throughout the cartilage was often
observed in combination with irregularities of the superﬁcial
interface. A similar increase in echogenicity was observed
previously in rat patellar cartilage following experimental
induction of cartilage degeneration with mono iodo-ace-
tate18. Whether or not this change is due to biochemical
modiﬁcation of the cartilage matrix or macromolecular
organisation alteration has not been fully elucidated.
Quantitative echogenic changes in cartilage have been
correlated to the biochemical composition of cartilage. A
signiﬁcant increase in echogenicity was reported following
degradation of cartilage with Chondroı¨tinase ABC, whereas
collagenase digestion had no signiﬁcant effect on echoge-
nicity26, suggesting that a decrease in proteoglycan
concentration is responsible for the increased echogenicity
within the cartilage.
Histological examination is currently considered to be the
gold standard in assessing the severity of OA lesions in the
rabbit ACLT model. Nevertheless, no universally accepted
histological scoring system exists11,42. The most famous
and most widely used is the histologic-histochemical
grading system34, often referred to as the ‘‘Mankin score’’.
Such a system would have been difﬁcult to use in this study
to establish a correlation with ultrasound backscatter
microscopy. Summing different histological parameters, as
performed in the Mankin score, would lead to a loss of
relevant information. We therefore designed a grading
system, based on two parameters evaluated in the Mankin
Table VI
Histological evaluation results
Category Histological grade
0 1 2 3 4 5 6
Control (nZ 22) 1 15 5 0 1 0 0
ACLT 4 weeks (nZ 12) 0 0 2 2 5 0 3
ACLT 8 weeks (nZ 14) 0 1 0 1 3 2 7
ACLT 12 weeks (nZ 16) 2 1 1 1 1 5 5
Total 3 17 8 4 10 7 15
Table VII
Correlation between ultrasonographic and histological scores
Histological score Ultrasonographic score
1 2 3 4 5 6 Total
0 1 2 0 0 0 0 3
1 7 9 1 0 0 0 17
2 2 6 0 0 0 0 8
3 0 1 2 1 0 0 4
4 0 0 3 6 1 0 10
5 0 0 0 1 2 4 7
6 0 0 0 1 1 13 15
Total 10 18 6 9 4 17 64
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the calciﬁed cartilage. The use of these parameters leads
us to differentiate seven histological categories or grades.
We did not include cellular evaluation, as used in the
Mankin score, as we believed it would not allow to
distinguish supplementary grades. Assessment of the
tidemark integrity was not considered relevant as only one
rabbit in the study had modiﬁcation of the tidemark. This
grading system proved to be very reliable as we had a good
inter-observer repeatability.
UBM accurately detected both ﬁbrillation and, not
surprisingly, ulceration lesions. However, very good
sensitivity and speciﬁcity values were also obtained for
the macroscopic examination. The macroscopic evaluation
accuracy was increased compared to naked eye evalua-
tion because of the use of India Ink to accentuate
ﬁbrillation lesions, which is not applicable to in vivo
evaluation of articular cartilage. The sensitivity and
speciﬁcity of ultrasonography regarding ﬁbrillation were
excellent, as only one false negative and one false
positive occurred. These two false diagnostic results could
be explained by the subjective nature of interpreting the
sharpness and brightness of the superﬁcial interface. Use
of quantitative measures such as reﬂection coefﬁcient, as
reported by others17,26,29, could be useful to increase the
accuracy of the diagnosis.
The sensitivity and speciﬁcity results depend on the
selected cut-off values. Grade 3 ultrasonographic scans
had clearly deﬁned surface interface irregularity and so
were considered as a pathologic variation and used as
a threshold value for ﬁbrillation. The choice of the threshold
value for ulceration was grade 5 as it was deﬁned as a full
thickness loss of non-calciﬁed cartilage. In the macroscopic
examination, grade 2 described ‘‘minimal ﬁbrillation’’31,
however in our study, all but one of the 11 condyles graded
macroscopically as 2 had a histological grade of 2 and
lower, which lead us to conclude that macroscopic grade 2
was a variation in normal cartilage and evident disease was
grade 3 or higher. Thus, grade 3 was chosen as the
threshold value for ﬁbrillation. Macroscopic grade 4 was by
deﬁnition the threshold value for ulceration.
The excellent correlation between the ultrasonographic
and histological grades (rspZ 0.90) suggests that UBM
provides data similar to the selected histological parame-
ters, this precluding the need for biopsy in vivo. However,
the high frequency transducer which was used to obtain
such a resolution is attenuated rapidly in tissue necessitat-
ing a close proximity with the cartilage without any highly
attenuating tissue, such as the skin, intervening. This
technique will therefore require arthroscopic adaptation if
it is to be successful. An arthroscopic implementation is
currently under development.
It is important to note that, due to the laws of reﬂection
and to the convex shape of the femoral condyles, only the
central part of the scan can be accurately evaluated. When
the ultrasound beam is not perpendicular to the cartilage
surface, the superﬁcial interface loses its sharpness and
brightness. To have a complete accurate evaluation of the
whole articular surface, it would be important to scan all
areas following the curvature of the articular surface.
In conclusion, UBM could prove to be a valuable tool for
the evaluation of OA lesions as it permits an accurate
evaluation of the cartilage surface and detection of
histologic ﬁbrillation, a hallmark of the early stage of OA.
It allows an ‘‘in depth’’ evaluation of the cartilage as an
alternative to biopsy or destruction of the joint. Coupling this
system to needle or standard arthroscopic instrumentationfor articular cartilage assessment in osteoarthritic patients
or animal models in vivo may permit the early diagnosis of
OA and monitoring of the disease or the assessment of
chondro-protection of novel treatments in longitudinal
studies.
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